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SUMMARY 
T h i s  document, the  f inal  r epor t  of NASA con t r ac t  NAS5-3914, 
i s  submitted t o  Goddard Space F l i g h t  Center by Lockheed 
E lec t ron ic s  Company (LEC). Described he re in  i s  the  o v e r a l l  
p r o j e c t  h i s t o r y ,  the equipment produced, techniques employed, 
tes ts  conducted, t echn ica l  knowledge gained, and program 
r e s u l t s .  
The scope of the program involved the development of an 
Endless Loop Magnetic Tape Recorder. Only one prototype 
u n i t  was produced. T h i s  recorder  u t i l i z e d  1000 f e e t  of  1/2 
inch  wide tape, on which 5 data t r a c k s  are recorded. The 
frequency range of the recorded s i g n a l  i s  from 20 kc t o  130 
kc a t  a tape speed of 33 i p s .  
A key f e a t u r e  of th i s  recorder  i s  i t s  compact s i z e .  The  
diameter  of t he  tape pack, when f u l l y  loaded t o  1000 feet ,  
i s  less than  6 inches,  and the t o t a l  recorder  package i s  
312 cubic inches .  The dimensions of t h e  r ec t angu la r  case 
are 6" x 6-1/2" x 8 ' I .  
I n  a d d i t i o n  t o  the  compact s i z e ,  the use of a brushless  de 
motor coupled w i t h  an in t eg ra t ed  c i r c u i t  phase lock speed 
c o n t r o l  se rvo  has cont r ibu ted  s i g n i f i c a n t l y  t o  the e x c e l l e n t  
a c c e l e r a t i o n  and f l u t t e r  c h a r a c t e r i s t i c s  of the recorder .  
However, the torque  c h a r a c t e r i s t i c  of the motor proved t o  be 
a disadvantage a l s o .  
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I n s t a l l i n g  a tape  load of 1000 fee t  i n  the compact s i z e  imposed 
severe  c o n s t r a i n t s  on the tape path.  To minimize the number 
of components i n  the d r ive  mechanism, i t  appeared desirable 
t o  use the motor as one of the capstans.  Since the  motor i s  
able t o  a c c e l e r a t e  and dece le ra t e  quickly upon a p p l i c a t i o n  and 
removal of power, the  i n e r t i a  of the cen te r  hub of the reel  
c a r t r i d g e  was g r e a t  enough t o  over r ide  the s t a r t - s t o p  charac te r -  
i s t i c  of the motor. T h i s  caused the tape t o  bind a t  the point  
of e x i t  from the c a r t r i d g e .  To counterac t  the tendency of the 
motor or s t o p  abrubt ly ,  a c i r c u i t  was added t o  the servo  that  
g radua l ly  decreased t h e  power t o  the motor. T h i s  technique 
allowed the e n t i r e  system t o  come t o  r e s t  without binding t h e  
c a r t r i d g e .  
A second problem tha t  was not  co r rec t ed  was a tendency of the 
tape pack t o  j a m  depending on the r e c o r d e r ' s  axial  o r i e n t a t i o n .  
T h i s  tendency w a s  found t o  be related t o  the t ens ion  i n  t h e  
tape pack a l s o .  A paral le l  e f f o r t  a t  GSFC, w i t h  a similar 
tape c a r t r i d g e ,  d i d  not encounter the binding problem related 
t o  o r i e n t a t i o n .  Several  comparisons of the LEC model and 
the GSFC model f a i l ed  t o  show any d i f f e rence  i n  b a s i c  design 
which could be t r aced  t o  the u l t ima te  cause of the problem. 
A t  tha t  poin t  i n  the program, the con t r ac t ing  agency decided 
not  t o  i n c r e a s e  the budget f o r  f u r t h e r  s tudy because of the  
l a c k  of immediate need f o r  the device.  Consequently, the 
remainder of the con t r ac t  e f f o r t  was d i r e c t e d  a t  c a r e f u l l y  
documenting the combined performance of the servo  and the 
b r u s h l e s s  de motor. T h i s  data i s  shown i n  Table I .  
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The remainder of t h i s  document summarizes the e n t i r e  program 
a c t i v i t y  and i s  divided i n t o  the following major a r e a s :  
System Design 
Phase Lock Servo 
Brushless de Motor 
Magnetic Heads 
Vibra t ion  I s o l a t i o n  and Momentum Compensation Systems 
For a chronological  review of t h i s  program, the  reader i s  
d i r e c t e d  t o  the repor t s  which were generated during the 
program. 
Design Study Report 
Quar t e r ly  Progress Reports 
Monthly Progress Reports 
T a b l e  I l i s t s  the p e r t i n e n t  recorder  c h a r a c t e r i s t i c s .  
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TABLE I 
SUMMARY O F  RECORDER CHARACTERISTICS 
Weight 
Case S i z e  
Number of Tracks 
Length of Tape 
Frequency Response 
F l u t t e r  (de to 2.5 kc)  
Recoding Method 
S igna l  Type 
Tape Speed 
Record 
Rep roduc e 
Power 
Record 
Reproduce 
9 pounds 
6 x 6-1/2 x 8" 
5 
1000 f e e t  
120 kc 
0.75% peak-to-peak 
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1.5 watts 
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INTRODUCTION 
This f i n a l  r e p o r t  de f ines  Lockheed E lec t ron ic s  Company's 
e f f o r t s  i n  the  f u l f i l l m e n t  of NASA c o n t r a c t  NAS5-3914 f o r  
t h e  Goddard Space F l i g h t  Center. The per iod of con t r ac t  per- 
formance i s  from Ju ly ,  1964 t o  October, 1965. 
The ob jec t ive  of t he  program i s  t o  design, develop, fab-  
r i c a t e ,  t es t ,  and d e l i v e r  a 1000 f o o t  compact, endless  loop 
magnetic recorder ,  which u t i l i z e s  1/2 inch  wide tape .  The 
tape  conta ins  5 t r a c k s  with assoc ia ted  head parameters t o  
enable  recording and reproducing a s i g n a l  a t  a frequency 
range of from 20 kc t o  130 kc. Record and reproduce i s  per- 
formed a t  a t ape  speed of 33 i p s .  
Photographs of t h e  equipment produced, one which shows the 
u n i t  i n  t he  case and one showing t h e  u n i t  ou t s ide  t h e  case,  
a r e  depic ted  i n  Figures  1 and 2, r e spec t ive ly .  
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SYSTEM DESIGN 
The primary requirement placed on this recorder is to store 
up to 8 minutes of television data on 5 tracks of 1/2 inch 
wide tape. The bandwidth of this data is from 70 kc to 
120 kc with record and reproduce at the speed of 30 ips. 
Since there are no signal electronics used in the system, 
the record/reproduce head system must be compatible for use 
with the intended data. Based upon the Nimbus television 
specifications, the television data varies from dc to 60 kc. 
This analog signal is converted to a frequency modulated wave 
with a center frequency of 96 kc and 24 kc deviation. The 
modulation index (mf), at an information frequency of 60 kc, 
is 0.4. A quantitive analysis and definition of the side- 
band spectrum f o r  this index can be found in the Design 
Study Report prepared under this contract. 
As will be discussed in the Transport section of this document, 
the mechanical system has a low starting inertia. This 
characteristic, aided by the excellent starting torque of 
the brushless dc motor, brings the unit up to speed in less 
than one second. Since the storage of television pictures 
will be performed by numerous start-stop operations, this 
feature represents a considerable savings in tape "dead time" 
resulting in increased data storage. 
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Speed con t ro l  w i l l  be maintained wi th in  0.1% by the phase 
lock servo  system. A l l  of t h e s e  f e a t u r e s  are contained i n  
an integrated package 6" x 6-1/2" x 8" which weighs less than 
s ix  pounds. A system block diagram i s  shown i n  Figure 3. 
The design cons idera t ions  of the b rush le s s  dc motor, heads, 
servo, t r a n s p o r t  and v ib ra t ion  i s o l a t i o n  system are d i s -  
cussed i n  de ta i l  under the  appropriate  s e c t i o n s  of t h i s  
r e p o r t .  
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PHASE LOCK SERVO 
The phase-locked speed cont ro l  se rvo  i s  a hybrid of 
both analog and d i g i t a l  c i r c u i t r y .  Low power and 
accuracy cons idera t ions  d i c t a t e  d i g i t a l  l o g i c  i n  t h e  
so-ca l led  " f ron t  end" of the servo; tha t  i s ,  those 
c i r c u i t s  dea l ing  w i t h  speed sensing, re ference  
frequency generat ion,  phase comparison and d i g i t a l  
course loop e r r o r  generat ion.  Once synchronizat ion 
has been achieved between caps t an  motor and re ference  
s i g n a l ,  l i n e a r  techniques a r e  appl ied .  Derivat ive 
compensation employed t o  achieve the proper degree of 
system damping cannot be accomplished even by the a p p l i -  
c a t i o n  of complex d i g i t a l  processes .  A Schematic and 
Block Diagram appear i n  Figures 4 and 5, r e spec t ive ly .  
The servo, then, i s  a combination of l i n e a r  and non- 
l i n e a r  devices  which func t ion  i n  t he  following manner: 
The capstans are dr iven  b y  a b rush le s s  dc motor whose speed 
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can be made t o  vary over a considerable  range. The speed of 
t h e  motor i s  con t ro l l ed  by the  e f f e c t i v e  vol tage  impressed 
ac ross  i t  by the  output  of t he  servo .  
Recorded on the t ape  i s  a f ixed  re ference  s i g n a l  whose f re-  
quency i s  d i r e c t l y  proport ional  t o  t h e  r o t a t i o n a l  speed of 
the motor. 
tape v e l o c i t y  of 33 ips ,  t h e  frequency of t h i s  s i g n a l  i s  
8000 cps.  Since the frequency r e fe rence  i n  the  servo i s  
2000 cps, the tape s i g n a l ,  a f t e r  ampl i f i ca t ion ,  i s  counted 
by f o u r  s o  tha t  i t  may then be compared d i r e c t l y  w i t h  the 
r e fe rence .  The r e s u l t a n t  s igna l  i s  henceforth def ined as 
the  speed pickoff s i g n a l .  
A t  a motor speed of 2100 rpm corresponding t o  a 
The speed pickoff s i g n a l  i s  fed t o  the speed servo  c i r c u i t  
where i t  i s  amplif ied,  l imi ted ,  and compared on a pulse- 
to-pulse  b a s i s  w i t h  a reference frequency generated by a 
high accuracy frequency source ( the  s o l e  speed determining 
component). 
s i g n a l s  e x i s t s ,  as i s  the case before  the  t r anspor t  has 
reached speed during s t a r t u p  o r  a f t e r  a severe  loading has 
been introduced i n t o  the mechanical system, t h i s  d i f f e rence  
i s  sensed by d i g i t a l  sub t r ac t ion  methods i n  an underspeed 
o r  overspeed e r r o r  genera tor .  Each underspeed o r  overspeed 
p u l s e  w i l l  charge o r  discharge a s to rage  capac i to r  i n  
measured increments co r rec t ing  the motor speed u n t i l  the 
frequency d i f f e r e n c e  goes t o  zero.  
I f  a frequency d i f f e rence  between t h e  two 
10 
At this time the phase comparator takes control. The capstan 
motor will maintain a speed accuracy precisely that of the 
reference oscillator, since the two are phase locked in 
digital fashion. 
two to vary will be corrected for linearly in the summing 
network and level comparator, with appropriate system damping 
taking place in the former. Correction signals are applied 
to the motor in the form of a varied duty cycle output from 
the SCR motor driver-chopper. Chopping techniques reduce 
the power dissipation in the driver to a minimum and is in 
accord with high efficiency control techniques. 
Any tendency for the phasing between the 
Reference Oscillator 
The reference signal is generated by a tuning fork oscillator, 
which is directly synchronized with the tape pickoff' signal 
through a trigger circuit. 
For the sake of standardization, the negative going edge of 
the trigger output pulse will be defined as the "set"pu1se 
and that of the reference oscillator output pulse will be 
defined as the "reset" pulse. 
Input Amplifier 
The input amplifier is a Fairchild/4C-702 differential 
operational amplifier, with a non-linear feedback network 
to provide a high impedance as well. Waveforms can be seen 
in Figure 6 revealing the limiting action plus gain exhibited 
by the stage. 
11 
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Trigger 
The trigger circuit takes the output of the input amplifier 
(Figure 6B), squares it, and presents it to the clock inputs 
of the phase comparator flip-flop module and two error gates. 
This signal is a square wave with a negatively going rise 
time of 1 microsecond as required by the RCTL logic employed, 
(Figure & )  . 
squared output of the input amplifier and applying it to a 
T1 515 "exclusive or" gate, whose outputs and inputs are 
connected in a regenerative fashion. This regenerative 
circuit duplicates the performance of a schmitt trigger, and 
can be considered as such for the purpose of this analysis. 
This is accomplished by taking the 3 volt P-P 
Phase Comparator 
The set pulse is applied to one side of the phase compara- 
tor stage (Figure 7C). The phase comparator is a bistable 
TI SN 511 integrated circuit with two independent triggering 
input lines. The set pulse will drive the circuit into one 
of the stable modes. A reset pulse introduced at the other 
input (Figure 7D) causes the circuit to revert to the other 
condition of stability. Since the negative going edges of 
the input pulses contain the set and reset information, 
differentiation capacitors are present in both input lines. 
When the capstan motor is operating at the proper speed, the 
output  of the phase comparator will be a sqaure wave. The 
voltage present at the Q and Q' outputs (Figure 7E and 7F), 
acts to inhibit the underspeed and overspeed error circuits. 
12 
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i Erro r  Gates 
i 
During the condi t ion  i n  which the caps tan  motor i s  r o t a t i n g  
a t  the proper speed, t h e  r e s e t  pulse  w i l l  be appl ied  t o  
the underspeed e r r o r  ga t e  input i n  coincidence w i t h  a posi-  
t i v e  cond i t ion  of the &I output.  (See Figure 8 ) :  Under 
these condi t ions  no t r i g g e r i n g  w i l l  take p lace .  
If, however, the  capstan motor i s  opera t ing  a t  a speed lower 
than  normal, the  reset  pulse ,  occurring a t  the re ference  
frequency, may a r r i v e  a t  t he  input  of t h e  underspeed e r r o r  
g a t e  p r i o r  t o  the t i m e  the set pulse  has caused the phase 
comparator t o  change s ta tes .  A s  a consequence, the reset 
pulse  amplitude i s  added t o  the amplitude of the c o l l e c t o r  
vo l tage .  The sum of t h e  two vol tages  i s  adequate t o  over- 
come the t r i gge r  threshold  and causes the underspeed e r r o r  
gene ra to r  t o  produce a pulse .  An underspeed e r r o r  pu lse  
w i l l  be generated by each r e s e t  pulse  t h a t  has not  been 
preceded by a se t  pulse .  See Figures  10 through 12. 
Figure 13 revea l s  that  an overspeed condi t ion  r e s u l t s  i n  
no pulses  passing the underspeed gate, s i n c e  a l l  reset pulses  
a r e  preceded by set  pulses .  
I n  t h e  overspeed e r r o r  gate, the same procedure occurs .  The 
s e t  pu lse  i s  app l i ed  t o  t h e  input of t he  overspeed genera- 
t o r ,  and, under at-speed condi t ions,  w i l l  be co inc ident  w i t h  
a p o s i t i v e  condi t ion  a t  the Q phase comparator output (see 
Figure 9 ) .  
pu l ses  exceeding the  ga t ing  l e v e l  a r e  produced, i nc reas ing  
i n  r e p e t i t i o n  rates,  a s  10 kc i s  exceeded. 
I n  Figures 14 through 17 i t  can be seen tha t  
! -  
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T h i s  i s  caused by the appearance a t  the  g a t e  of se t  pulses  which 
have not  been preceded by r e s e t  pu l se s .  
Er ror  Generators 
The e r r o r  genera tors  a r e  a p a i r  of T I  518~ s i n g l e  sho t  mult i -  
v i b r a t o r s  whose pulse  dura t ion  i s  se t  by an e x t e r n a l  capac i to r  
a t  approximately 5 mil l iseconds.  The genera tors  take t h e  
pulse  output  of the overspeed and underspeed e r r o r  g a t e s  (a  
few microseconds i n  width)  and s t r e t c h  them (Figure 18 and 
19) i n t o  mi l l i seconds .  They a l s o  perform a second duty, that  
of mutually excluding each o ther  from being f a l s e  t r i gge red  
during per iods where the ga tes  do not  have t i m e  t o  be con- 
d i t i o n e d  as lock-in i s  approached. A s  t he  pickoff frequency 
approaches the  10 kc reference,  the r e p e t i t i o n  rates of t h e  
e r r o r  genera tors  go t o  zero.  
The underspeed and overspeed e r r o r  generators  produce pulses  
of i d e n t i c a l  width and amplitude and opposi te  p o l a r i t i e s  
which are summed by the coarse-loop i n t e g r a t i n g  capac i to r .  
I n  t h i s  manner, a t r a i n  of underspeed pulses  w i l l  r e s u l t  i n  
a negat ive  n e t  change i n  charge on the capac i to r  whereas a 
t ra in  of overspeed e r r o r  pulses w i l l  develop a p o s i t i v e  n e t  
change of charge on the  capac i to r .  
The output  of the overspeed e r r o r  generator  i s  diode coupled 
d i r e c t l y  t o  the  coarse-loop i n t e g r a t i n g  capac i to r  Cg, while 
t h e  output  of t h e  underspeed e r r o r  genera tor  i s  f i r s t  i n -  
v e r t e d .  Figures  20 and 21 show the  c i r c u i t  waveforms a t  
14 
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underspeed and overspeed conditions. The bottom trace, in 
both cases, reveals the dc level on the integrating capacitor. 
Summing Network 
The phase comparator output is integrated and the resultant 
analog dc output is summed with the coarse-loop error signal 
at one input of the level comparator. In order to provide 
a faster response path for the error signal (derivative 
compensation), a high pass filter bypasses one leg of the 
summing network. 
Level Comparator 
The level comparator is a FairchildFA702 integrated opera- 
tional amplifier. The analog servo error signal present at 
one input of the level comparator is compared with a time 
generated ramp function (generated by the blocking oscillator) 
at the other input. The analog level is thus converted into 
a change of state at the level comparator output, whose delay 
time after conduction of the blocking oscillator is a linear 
function of the analog dc level. This delay time, divided 
by the time between conduction periods, yields the duty cycle 
of the turn-on and turn-off pulses to the motor driver chopper. 
This duty cycle determines the rotational speed of the motor. 
. 
Motor Drive Chopper 
This circuit, made up of discrete components not available 
in integrated form, consists of a gate controlled switch 
rectifier and other components to aid in turn-on and turn-off. 
Turn-on is accomplished by the application of the differenti- 
ated level comparator output t o  the gate terminal of the SCR. 
Gain exhibited by the SCR allows turn-on from a medium im- 
pedance source. 
the SCR conduction path for 10 microseconds. The low im- 
pedance high peak-power characteristic of the blocking 
oscillator is used to perform this operation. 
Turn-off is affected by the back-biasing of 
The use of a filter in the line between the outputs of the 
chopper and the drive motor depends on the inertia and elec- 
trical characteristics of the motor chosen. The addition of 
a filter at a later date will not affect the operation of the 
sys tem. 
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FIGURE 10 
UNDERSPEED GATE-PICKOFF FREQ 800 CPS 
SWEEP RATE 50011 sec/cm 
SCHEMATIC 
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FIGURE 11 
UNDERSPEED GATE-PICKOFF FREQ 1600 CPS 
SWEEP RATE 5 O O u  sec/cm 
SCHEMATIC 
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F I G U R E  16 
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FIGURE 17 
O V E R S P E E D  G A T E - P I C K O F F  F R E Q  3600 CPS 
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FIGURE 18 
OVERSPEED ERROR GENERATOR 
PICKOFF FREQ 2100 CPS 
SWEEP RATE 200 sec/cm 
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FIGURE 19 
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FIGURE 20 
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FIGURE 21 
ERROR GENERATOR-PICKOFF FNQ 
SWEEP RATE 25 msec/cm 
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TRANSPORT 
The i n i t i a l  design considerat ions of the tape t r a n s p o r t  were 
heavi ly  dependent on t h e  l imi t ed  area a v a i l a b l e  and the  requi re -  
ment t o  maintain a minimum number of tape wraps on the c a r t r i d g e ,  
Considerat ion w a s  g iven t o  a conventional design that  could 
be contained i n  the maximum plan area of 6" x 8", as ind ica t ed  
i n  the s p e c i f i c a t i o n .  However, t h i s  design would not  f i t  i n t o  
the p lan  area, once allowances for case walls and v i b r a t i o n  
i s o l a t o r  system clearances were made. 
l i m i t e d  t o t a l  plan area t o  approximately 5-1/4" x 7-1/4" and 
would r equ i r e  an  extremely compact endless  loop c a r t r i d g e ,  
which was f u r t h e r  complicated by the use of 1/2 inch  wide tape. 
T h i s  des ign  f u r t h e r  
Car t r idge  designs tha t  were a r a d i c a l  departure  from the type 
of c a r t r i d g e  commonly used on endless  loop machines a t  
Goddard were a l s o  considered; i . e . ,  oval c a r t r i d g e s ,  sharp ly  
con ica l  c a r t r i d g e s ,  and mul t ip le  s tacked c a r t r i d g e s .  These 
approaches were discarded because of the low p r o b a b i l i t y  of 
a t r u l y  success fu l  design being generated wi th in  the  frame- 
work and time s c a l e  def ined i n  the work s ta tement .  
The design shown i n  Figure 22 was s e l e c t e d  a f t e r  the o the r  
approaches were e l imina ted  due t o  t h e i r  shortcomings. The 
fo l lowing  major advantages a re  r e a l i z e d  from th i s  design: 
A .  Tape c a r t r i d g e  s i z e  approaches that  of the e x i s t i n g  
GSFC s tandard 1/2" design and thus  keeps t h e  number 
of tape wraps t o  a minimum. 
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i 
B. 
C. 
D. 
E. 
F. 
The key 
Most of the detailed elements of the existing designs 
were utilized. 
Good tape entrance and exit characteristics includ- 
ing minimal rise and fall angles were retained. 
Compact base plates are retained for low weight and 
maximum stiffness. 
Basic mechanical design was fairly straight-forward 
and did not require an excessive number of rotating 
elements (thus enhancing basic reliability). 
A liberal and convenient space was available for 
mounting electronic assemblies. 
elements in the design are the transposition of the 
mechanism from its normal position adjacent to the cartridge, 
to an inverted, over-the-top position and the skew mounting 
of the cartridge. 
provides a separate tape cartridge and drive assembly with- 
out the need for concentric ring mounting of the cartridge. 
Three distinct and easily separable packages result; the 
transport mechanism, the cartridge, and the drive electronics. 
An added advantage of this arrangement 
The tape drive assembly consists of a double capstan drive, 
a record/reproduce magnetic head subassembly and the brush- 
less dc drive motor, all arranged in a compact over-the-top 
configuration on a subcasting fastened to the tape cartridge. 
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Since the tape speed in both record and reproduce is sufficiently 
high to retain a capstan speed at which brushless de motors 
provide reasonable efficiency, the motor shaft is used for one 
of the capstans. The use of this capstan as the metering cap- 
stan (capstan with no slip at 1% speed ratio between capstans) 
results in maximum stiffness between tape and motor. This is 
an important characteristic when applying the phase lock servo. 
A secondary advantage is the elimination of another drive belt 
and second bearing module. 
The tape cartridge in this unit was based largely on an exist- 
ing design developed on a previous GSFC contract. Some 
modifications were necessary and included (1) reduction in 
overall plan area to accommodate a 6.092" D. tape pack 
rather than 8.58" D. tape pack, (2) reduction of the number of 
lower guide rollers from 12 to 8 because of the reduced 
area available and the shorter distance between rollers, 
(3) revision of the details to allow use of 1/2" tape, 
(4) modification of tape entrance and exit paths to accomodate 
the over-the-top placement of the transport drive mechanism. 
The cartridge hub detail and lower rollers are critical to 
flutter performance as well as reliable operation of the re- 
corder mechanism. A graphic representation of the tape exit 
transition is shown in Figure 23.  This diagram depicts both 
an ideal and the actual transitions, which are presently in 
use in LEC recorders. First consideration was given to a 
lower roller-reel hub profile which would provide the ideal 
transition. 
the tape at its upper edge to allow f o r  direction change. 
This profile would be achieved simply by bending 
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However, further investigation indicated that in order to 
accomplish this, the reel hub surface must be tilted in the 
exact opposite sense to the present reel hub angle. This 
characteristic precludes this profile since the tape would 
tend to unravel from the pack when so mounted. 
The tape exit condition in the final unit is shown as "actual" 
in Figure 23.  Here, the tape twists and bows to set a direc- 
tion for an abrupt exit between the reel hub and the rest of 
the tape pack. The figure indicates some typical positions 
of tape cross sections at stations 1 to 10 for the conven- 
tional path. The stations are designated from start of exit 
rise to completion to provide a convenient method of describ- 
ing the reel hub-roller profiles. 
1 .  
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BRUSHLESS DC MOTOR 
A key component of the recorder  i s  the b rush le s s  dc motor. 
Motor design s p e c i f i c a t i o n s  a re  based upon the t r a n s p o r t  de- 
s i g n  and the c h a r a c t e r i s t i c s  necessary f o r  high e f f i c i e n c y  
and low f l u t t e r .  
Some cons idera t ions  which a f f e c t  t h e  choice of motor a r e :  
a .  motor e f f i c i e n c y  
b .  f l u t t e r  due t o  capstan runout 
c .  
d .  
bear ing r e l i a b i l i t y  as a func t ion  of motor speed 
r e l a t i v e  torque l o s s e s  i n  caps tan  bear ings .  
Motor e f f i c i e n c y  i s  shown i n  Figure 24 and i s  based upon 
peak e f f i c i e n c y  a s soc ia t ed  w i t h  the  p a r t i c u l a r  speeds for 
t h i s  c l a s s  of motor. 
The e f f e c t  of capstan diameter on motor speed s e l e c t i o n  and 
f l u t t e r  i s  as l i s t e d  i n  Figure 25 .  The speed data i s  f o r  a 
33 i p s  tape speed and f l u t t e r  i s  based on simple r ad ius  va r i a -  
t i o n s  as a func t ion  of nominal capstan r ad ius  (1/2D) w i t h  a 
conserva t ive  .0001" runout.  
The e f f e c t  of speed on r e l i a b i l i t y  i s  more d i f f i c u l t  t o  define;  
i t  w i l l  s u f f i c e  t o  say t h a t  speeds i n  the a r e a  of 2000 rpm 
have proven t o t a l l y  s a t i s f a c t o r y  i n  a number of o the r  space- 
c r a f t  recorder  programs and a r e  considered conservat ive.  
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FIGURE 25 
CAPSTAN DIAMETER VS, MOTOR SPEED 
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Since the motor used w i l l  r equi re  one w a t t  of opera t ing  
power, the e f f e c t  of bear ing power l o s s e s  on motor speed 
s e l e c t i o n  i s  n e g l i g i b l e .  
watts of mechanical power is  lost). 
( A t  0.02 in-oz and 2000 rpm only 0.03 
By using the c r i t e r i o n  tha t  the f l u t t e r  introduced by the 
caps tan  should be a t  least  an o rde r  of magnitude below the 
t o t a l  f l u t t e r  s p e c i f i c a t i o n  (0 .6%) ,  a motor speed of 2100 rpm 
and a capstan diameter of 5/16 w i l l  provide an  e f f i c i e n c y  
above 50%. 
from 0.06 t o  O.O7$, has l i t t l e  e f f e c t  on o v e r a l l  f l u t t e r  
performance. 
e f f i c i e n c y  i n  Figure 25. 
The s l i g h t  increase  i n  capstan-caused f l u t t e r ,  
These f i g u r e s  can be v e r i f i e d  by c ross  checking 
The s p e c i f i c a t i o n s  of the motor are as follows: 
Motor Speed - 2100 RPM 
Torque - Based upon measurements i n  t h e  present  1200 foot 
u n i t  w i t h  allowance f o r  the larger tape width, a 
requi red  torque of 0.23 in-oz has been s p e c i f i e d .  
The b a s i c  c h a r a c t e r i s t i c s  of t h e  motor w i l l  a l low 
a wide range of operat ing mean torques .  
Operating Voltage - Based upon the 24 VDC a v a i l a b l e  and a 
30% allowance for cont ro l  across  the servo  output,  
- l 7 V  has been spec i f i ed  as t h e  mean opera t ing  po in t .  
T h i s  w i l l  al low f o r  v a r i a t i o n s  of opera t ing  po in t s  
from motor t o  motor; f l e x i b i l i t y  i n  changing tape  
34 
speeds over a small range; fast transport acceleration and 
response. 
Number of Commutating Points - The minimum number of commuta- 
ting points of three, will increase cogging and over- 
all co-efficient of fluctuation. 
will decrease reliability and increase complexity 
because of the additional switching transistors and 
circuitry. 
(10 transistors). 
Excessive points 
Present design incorporates 5 points 
An additional design feature introduced here is the 
selection of a permanent magnet field material that 
will reduce cogging effects and allow operation at 
a liberal rotor t o  stator gap. 
Efficiency - 60% at 2 watts input. Motor is useful over a 
wide i=si-igs ~f s c x e ~  j l~p1~t .s  (1/2 watt to 5 watts). 
Mechanical Construction - In order to retain reliability and 
smooth operating characteristics as demonstrated on 
present LEC 113 modular hysteresis synchronous motors, 
the same case and bearing construction has been used. 
The case outline is shown in Figure 26. 
It should be noted that although the motor will normally 
consume the small amount of power indicated, the inherent 
characteristic of the dc motor to draw only as much current 
as required will provide a considerable factor of safety in 
available torques. This factor of safety is approximately 3 t o  1. 
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MAGNETIC HEADS 
Design parameters for the record and reproduce heads may be 
divided into the following three categories: 
1. Mechanical 
2. Electrical 
3. Interacting electrical and mechanical 
Design considerations of these categories are directed toward 
the achievement of high reliability in service. 
the head block and cores is insured by construction techniques 
that are carefully controlled at every step. 
method of screwing heads together, gapping techniques, core 
preparation, coil winding and insulation, lapping, and final 
test are integrated into an electromechanical design which 
insures integrity and reliability in the environment in which 
&I^- b l l G  I - - - ~ -  1 r c a u u  u*- 0-p  7 1 f i 1 i 7 p i i -  -”-^-- The number of parts used in the con- 
struction is kept to an absolute minimum so as to obtain high 
predicted reliability. 
Rigidity of 
Potting material, 
The mechanical design parameters consist of the head block 
configuration and materials, the number of tracks, the loca- 
tion of coils and shielding, the potting material, the size, 
and weight. 
The head configuration is shown in outline form in Figure 27. 
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DIRECTION O F  TAPE TRAVEL 
FIGURE 27 
HEAD CONFIGURATTON 
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The major record head e l e c t r i c a l  design parameters c o n s i s t  of 
t he  record  inductance, number of turns ,  magnetic c i r c u i t ,  
core  c ros s  s e c t i o n a l  a r ea ,  f r o n t  gap and i n t e r f a c e  area, rear 
gap area, and operat ing cur ren ts .  
The record inductance i s  determined 
a .  
b .  
C .  
d. 
The a v a i l a b l e  vol tage 
by : 
24 v o l t s )  used  t o  supply 
d r ive  cu r ren t  a t  the record f requencies  of 70 
t o  120 kc.  
The r a t i o  of the c o i l  impedance t o  t h e  source 
impedance of t h e  d r i v e r .  
The number of tu rns  requi red  to supply the 
ampere-turns needed t o  record the s igna l  on tape. 
The d e s i r a b i l i t y  of  omit t ing a t ransformer.  
The above cons idera t ions  r e s u l t e d  i n  prel iminary design 
parame iers : 
Inductance ( L )  = 1 m h  
The magnetic core  s i z e  i s  based on the requirement f o r  ample 
winding space and e f f i c i e n t  magnetic design.  The c ross  sec- 
t i o n a l  a r e a  of core  i s  s i z e d  to prevent f l u x  s a t u r a t i o n  of 
the co re .  T h i s  i n su res  that the record head gap contains  
the bulk of the ampere-turns suppl ied  t o  the magnetic c i r c u i t .  
A f i v e  t r a c k  conf igura t ion  has been s e l e c t e d  i n  order  t o  
reduce the tape wear. The use of a f i v e  t r a c k  head on a 
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1/2" format r e s u l t s  i n  some crowding of the  cores .  
t o  provide the required space i n  the head f o r  the c o i l s  and 
maintain low c r o s s t a l k  l e v e l s ,  two ad jacent  wound c o i l s  are 
loca ted  i n  opposi te  halves  of the head block. The magnetic 
c i r c u i t  i s  re turned  by a s t r a i g h t  l eng th  of laminated core 
material. 
shields  which extend beyond the over -a l l  dimensions of the 
co re .  
I n  order  
The t r a c k s  are decoupled from one another  by 
The a i r  gap between two sec t ions  of the heads i s  r i g i d l y  
c o n t r o l l e d  by a vacuum-deposited f i l m  for the  reproduce head 
and beryl l ium copper spacers  a l s o  se rve  as eddy cu r ren t  shields  
and thus tend t o  d i v e r t  the f lux  t o  the tape  rather than 
d i r e c t l y  across  t h e  gap area. 
The block i s  f i l l e d  with s u i t a b l e  p o t t i n g  material t o  
mechanically secure the  laminations and c o i l s  i n  place 
d i i r ing  v ib ra t ion ,  and p ro tec t  t h e  e l e c t r i c a l  windings from 
humidity, e t c . .  
The record gap i s  dependent on the  quan t i ty  of record cu r ren t  
a v a i l a b l e  and the requirement f o r  adequate f r i n g i n g  a t  the 
record  t i p s  t o  cause the  f l u x  t o  pene t r a t e  the tape. 
microinch gap i s  used t o  sat isfy both requirements.  
An 80 
The f r o n t  gap i n t e r f a c e  cross s e c t i o n a l  area i s  s i zed  t o  
permit the record flux t o  pene t ra te  the tape .  The rear gap 
i s  introduced i n t o  the magnetic c i r c u i t  i n  order  t o  f a c i l i -  
t a t e  assembly and prevent d i s t o r t i o n  due t o  the non-l inear  
I -  
BH c h a r a c t e r i s t i c s  of the magnetic core  material. The 
in t roduc t ion  of the r e a r  a i r  gap reduces the e f f e c t  of the 
non-l inear  c h a r a c t e r i s t i c  because the magnetomotive-force 
drop across  the  a i r  gap i s  considerably greater than the 
magnetomotive-force drop across the magnetic core  ma te r i a l .  
The reproduce head e l e c t r i c a l  design parameters are similar 
t o  the record head. The inductance i s  based on the r e q u i r e -  
ment f o r  s u f f i c i e n t  output voltage and the requirement f o r  
a n  appropr i a t e  resonant frequency of the reproduce head. 
T h i s  resonant frequency a r i s e s  as a r e s u l t  of the inductance 
and d i s t r i b u t e d  capaci tance of the reproduce head. The 
resonant  frequency i s  se l ec t ed  s o  as t o  be ou t s ide  the  fre- 
quency band of the head. I f  t h e  resonant frequency were 
less than the upper frequency l i m i t ,  t hen  a t t e n u a t i o n  o r  
ampl i f i ca t ion  (depends on c i r c u i t  “Q“) would occur.  
The n,k.,z.ice cf’ =r reproduce a i r  gap dimension i s  inf luenced 
by t h e  packing dens i ty  of the information recorded on tape. 
The gap width must be s i z e d  so that  i t  i s  smaller than the 
wave l eng th  of the h ighes t  frequency recorded on t ape .  T h i s  
i s  equiva len t  t o  250 inches.  
t o  o b t a i n  a maximum of 12  db s i g n a l  reduct ion  a t  120,000 cps 
when related t o  the peak output s i g n a l  of the reproduce head. 
80 p i n c h e s  i s  used i n  order  
The f r o n t  gap i n t e r f a c e  a rea  i s  s i z e d  t o  prevent t h e  bulk of 
the f l u x  on tape from being shunted. With a small f r o n t  gap 
i n t e r f a c e  a rea ,  the f l u x  on tape i s  not  shunted appreciably; 
t hus ,  i t  t r a v e l s  through t h e  core  t o  l i n k  w i t h  the c o i l s ,  per- 
m i t t i n g  acceptab le  signal/noise r a t i o s  on playback. 
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A summary of specifications based upon the initial design is 
as follows: 
RECORD HEAD 
Number of Tracks: 
Track Width: 
Inductance: 
Gap : 
Frequency (record): 
Crosstalk: 
REPRODUCE HEAD 
5 
.060 11 
1 m h  
80 x inches 
70 KC - 120 KC C3 33 ips 
42 db 
Number of Tracks: 
Track Width: 
Inductance: 
Gap : 
Frequency: 
ReDroduce Voltage 
5 
.055" 
70 mh 
-6 80 x 10 inches 
70-120 KC 
25 mv r m s  
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VIBRATION ISOLATION 
The t r a n s p o r t  i s  mounted on f i v e  v i b r a t i o n  i s o l a t o r s  wi th in  
the case which f i l t e r  t h e  h ighe r  frequency components of 
v i b r a t i o n  tha t  are t ransmi t ted  through the spacecraf t  s t r u c t u r e .  
The s inuso ida l  v i b r a t i o n  l e v e l  t o  which the t r a n s p o r t  w i l l  be 
s u b j e c t  i s  10 g r s ,  5 t o  2000 cps ( see  Figure 28 ) .  Since most 
of the resonant f requencies  of the t r a n s p o r t  subassemblies 
occur a t  h igher  f requencies ,  t h e  t r a n s p o r t - i s o l a t o r  n a t u r a l  
frequency of 50 cycles  per  second has been chosen. 
One i s o l a t o r  i s  loca ted  a t  each corner  of the  recorder  base. 
The weight of the recorder  (9 pounds) being equal ly  d i s t r i b u t e d  
on the  f o u r  mounting p o i n t s .  The recorder  i s  mounted on the 
four i s o l a t o r s  i n  a manner t h a t  placed the  t r a n s p o r t  cen te r  
of g r a v i t y  above t h e  plane def ined by the i s o l a t o r  cen te r s  
of g r a v i t y .  Since t h i s  i s  not a recommended manner i n  which 
t o  use the i s o l a t o r s ,  a f i f t h  mount was added on the t o p  side 
of the t r a n s p o r t  t o  negate t h e  previously e x i s t e n t  c a n t i l e v e r  
system. A s c a l e  mockup of the t r anspor t  was f a b r i c a t e d  and 
v i b r a t e d  using t h i s  i s o l a t o r  format .  The r e s u l t s  proved con- 
c l u s i v e l y  and soundness of  the design and def ined the s t i f f -  
nes s  of the ind iv idua l  mounts. 
Temperature Range) i s o l a t o r s  have proven t o  be s a t i s f a c t o r y  
i n  past spacec ra f t  recorder  programs and w i l l  be appl ied  here. 
The Lord HTO Ser i e s ,  BTR (Broad 
Figure  29 i s  a p l o t  of t h e  load vs .  n a t u r a l  frequency of a 
t y p i c a l  7-pound i s o l a t o r .  T h i s  curve i n d i c a t e s  a n a t u r a l  
frequency of 55 cps f o r  a load of 1-1/4 pounds a t  a prototype 
43 
c 
I 
I 
0 0 cv rl 
T 4 0  0 rl
44 
v 8 
10 20 30 43 50 60 70 
FRWUENCY (CPS ) 
FIGURE 29 
LOAD VS. NATURAL FREQUENCY 
45 
vibration level of 10 g's, 5-2000 cps. The input amplitude 
of 10 g's at 55 cps is .065 inches, peak-to-peak. The 
isolator amplitude, with an expected transmissibility of 3 at 
resonance, is (3) ( . 065 )  = .195 inches peak-to-peak. The 
maximum allowable amplitude of the isolator is .32 peak-to-peak 
yielding a safety factor of 1.6. 
acceptance level of 5 g's, the isolator amplitude at resonance 
is .096, yielding a safety factor of 3.3. 
At the anticipated flight 
Since the transport is mounted diagonally in the case, the 
thrust and transverse axes of vibration are oblique rather 
than parallel to normal axial and transverse axes of the 
isolators. In addition, these isolators have approximately 
equal spring rates in all directions assuring all-attitude 
protection for the transport. 
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N€3W TECHNOLOGY 
I n  accordance w i t h  the N e w  Technology c l ause  of t h e  con t r ac t ,  
t h i s  data has been assembled and submitted to GSFC under 
separate cover. One area, which was developed under t h i s  
c o n t r a c t ,  was considered new technology. T h i s  i s  the phase 
lock speed c o n t r o l  servo, which i s  completely descr ibed i n  
t h i s  r epor t  on pages 7 through 24. 
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